Appropriate S-N fatigue design curves for friction stir (FS) welded joints in aluminium alloys are currently not specified in design codes and standards. The present paper is intended to assist in enabling standardised fatigue design for such joints, through a comprehensive statistical analysis of more than 500 individual sets of data gathered from published literature. These data are used to establish the usual design fatigue curves for welds that give a 97.7% survival probability with 95% confidence. Experimental fatigue data represent defect-free butt joints and include both flat plate and tubular joints between similar aluminium alloys (across the range of 2xxx, 5xxx, 6xxx, and 7xxx series). Weld conditions include as-welded, machined, and post-weld heat treated under constant amplitude cyclic loading at various stress ratios in the range from R = -1 to 0.5. A systematic comparison is presented by categorising the data according to the alloy type, temper condition, postweld heat treatment and stress ratio and the correlation with the S-N design curves from Eurocode 9 is also considered. The fatigue curves presented in this paper will serve as a useful guideline for engineers involved in design of friction stir aluminium joints subjected to in-service fatigue loading.
Introduction
Since its launch at TWI in 1991, several specific features of friction stir (FS) welding have led to a substantial industrial impact as a joining technique across many engineering areas that include ground transportation, ships, aircrafts, and the nuclear and space industries 1, 2 . It is a solid-state autogenous process that provides joints with a fine-grained nugget that are generally free from gross porosity and solidification cracks, and have relatively low thermal distortion and residual stresses 1 . Thanks to these distinctive features, FS welded joints are often characterised by mechanical properties (particularly fatigue strength) that are superior to those pertaining to conventional fusion arc welds. Even in the presence of several defect types that are unique to FS welding of certain aluminium alloys (e.g. [3] ) fatigue strengths for as-welded joints in the range 70 MPa to 100 MPa can be obtained in reversed bending (R = -1) at lives of 2 x 10 6 cycles.
The increasing interest in the technology, metallurgy and mechanical properties of FS welding is clearly demonstrated by the exponential growth in published papers over the last twenty years 1 . Considerable attention has been devoted to characterising the fatigue strength of FS joints subjected to cyclic loading, and to exploring influential factors (e.g. type of parent material, welding process parameters, residual stresses, surface finishing, and stress ratio) and identifying optimum process conditions and tool geometries (e.g. [4] ). Several studies have confirmed that the fatigue resistance of FS welds in aluminium alloys is generally superior to fusion welds, regardless of parent material, welding process and loading condition. For example, [5, 6, 7] have observed that FS welded joints in aluminium have a fatigue strength higher than arc-welded joints, potentially with an increment of three times that seen in MIG 8 and TIG 9 welds in 6xxx aluminium alloy. Reference [10] demonstrates that FS welded aluminium joints have a fatigue resistance above the design line in the Eurocode 9 standard for butt-welds made from one side 11 .
Although a large amount of fatigue data on FS welds, published by various authors, is now available, a codified standard or formal set of guidelines to assist engineers in designing FS welds against fatigue does not yet exist (in contrast to the situation for fusion welds, which are supported by, for example, European Standards 12, 13 and IIW recommendations 14 ) . In 2005, Lomolino et al. 15 made a first attempt to derive reference fatigue curves for several types of FS aluminium welds, based on a statistical analysis of hundreds of data. Their results suggested that fatigue data should be categorised according to several influential factors (parent material, temper condition, welding travel speed, surface finish and stress ratio).
Since 2005, the volume of FS weld fatigue data published in various journals and conference proceedings has increased considerably. Thus, in 2015 de Oliveira Miranda et al. 16 published a comprehensive review and statistical analysis of literature data that derived fatigue curves for FS aluminium welds, which then served as a basis for their probabilistic fracture mechanics model 16 . In comparison with the design S-N curves for fusion welds given in the IIW recommendations 14 , the S-N curves representing 50% and 97.7% survival probability (with 95% confidence) that were proposed in reference [16] for FS welds, showed a lower inverse slope and a significantly higher fatigue strength. However, compared with the approach in reference [15] , the analysis reported in [16] for joints made of 5xxx and 6xxx
series, made no distinction by temper condition, surface finish, PWHT or stress ratio (for example, data at R = 0.1 and R = -1 were merged together).
A key difference between fusion welds and those made by a solid state friction stir welding process is the lower level of tensile residual stress that occurs in FS welds. This implies that it is worth re-visiting the assumption that underlies the use of unique geometric categorybased S-N curves for fusion welds irrespective of stress ratio, i.e. that the level of residual stress is of yield strength magnitude. In this case the applied stress cycle essentially cycles down from the yield strength no matter what value the nominal applied stress ratio has. By contrast, the lower level of residual stress in FS welds implies that some effect of the stress ratio on the fatigue strength has to be expected. Accordingly, the analysis of experimental data should consider explicitly the stress ratio as a separate factor influencing the fatigue strength.
In the case of FS welds, it therefore seems sensible to follow the approach adopted in reference [15] and adopt a classification system for categorising FS fatigue data for subsequent statistical analysis that allows the effect of individual influential parameters (e.g. alloy type, temper condition, stress ratio, PWHT) to be distinguished and analysed separately.
Thus the present paper extends the analysis presented in [15] , whilst also incorporating the findings obtained in [16] , to develop a set of reference S-N fatigue curves for 97.7% survival probability with a 95% confidence level. These S-N curves are based on a statistical analysis of more than 500 fatigue data for FS welds and include data published since 2005.
The objectives of the work were therefore firstly, to analyse sufficient fatigue data to provide meaningful results and conclusions for engineering designers to use in fatigue design for FS welds and, secondly, to verify whether the categorisation proposed in [15] still applies in the light of the more recent experimental data. Finally, the paper checks whether such data also fit the fatigue curves proposed in [15] . The proposed set of reference S-N fatigue design curves presented in the present work provide a useful guideline for engineers engaged in the design of FS aluminium welds subject to fatigue loading.
Classification of data
This study collected and analysed experimental fatigue data on nominally defect-free FS welds in 2xxx, 3xxx, 5xxx and 7xxx aluminium alloys in both the naturally and artificially aged conditions. The dataset includes flat plate and small diameter tubular butt-joints with thickness values in the range 2 mm to 13 mm, subjected to constant amplitude uniaxial fatigue loading in laboratory air at various stress ratios (R = -1, 0, 0.1, 0.5). The study also considered the influence on fatigue life of several different post-weld heat and mechanical treatments.
Experimental data was not included for welded joints that were either not butt welds or were made between dissimilar alloys, or that contained macroscopic defects or notches, or that joined plates of different thicknesses. In the data, no specific distinction is made with regard to process parameters, such as tool pin profile, rotational speed and welding speed. It should be emphasised, however, that these process parameters have a direct impact on the weld zone microstructure and, in turn, on the mechanical properties of FS welds 17, 18 . Incorrect or suboptimum process parameters may lead to flawed or defective welds, which will exhibit a reduced fatigue strength compared with nominally defect-free welds, as fatigue cracks initiate from any pre-existing defects 15 . The relationship between defect population and fatigue life reduction was not the focus in the present study, and hence the statistical analysis collected data only from nominally defect-free joints made using optimised process parameters. Table 1 lists all the data used in the statistical analysis that is discussed below. The set includes about 500 entries, almost 200 more than those collected in [15] (in Table 1 an asterisk identifies new data). Prior to performing a statistical analysis, it was first necessary to classify the data. As can be seen, Table 1 clusters a rather heterogeneous set of data, which differ in terms of parent material, temper conditions, welding parameters, post-welding mechanical or heat treatment, and the stress ratio used in the fatigue tests. This variations would be expected to lead to large differences in fatigue performance, although it is not easy to identify a priori which parameters are the most influential in terms of either increasing or decreasing the fatigue strength of the welded joints.
Some trends have emerged from previous studies (see for example [15] ) which suggest that fatigue data could be categorised into a certain number of subsets, which then contain FS welded joints with similar fatigue behaviour. Selecting the categorising criteria, however, is a rather critical and complex task, that in the present work was made easier, and was also guided by, principles inferred from the work reported in [15] . The general principle adopted here was to choose categorising criteria that allowed the widest number of subsets to be obtained whilst avoiding the exclusion of factors that may genuinely influence the fatigue strength of FS welds. This requires consideration of issues such as whether welds in 2xxx, 5xxx, 6xxx and 7xxx alloys have comparable fatigue strength values that would allow them to be categorised together, or whether they should be classified into separate categories. It also required consideration of the role of R-ratio, and the effect of the temper condition (naturally or artificially aged) on the fatigue strength of welds in heat treatable alloys. On the other hand, certain factors were considered to be relatively insignificant (e.g. thickness, welding process parameters), which then allowed the total number of categories to be kept within a reasonable value.
Based on these premises, the main factors considered when categorising the data were:
• distinction between heat treatable alloys (2xxx, 6xxx and 7xxx series) and strain hardened alloys (in this study, only series 5xxx);
• temper condition: naturally aged (NA) versus artificially aged (AA) conditions;
• stress ratio R: to investigate the effect of mean stress;
• post-weld heat treatment or mechanical treatments, e.g. polishing;
• geometry: to include a special class of small diameter tubular joints and which will be referred to as high curvature joints in this paper.
Within heat treatable alloys, the series 7xxx of high strength alloys was further distinguished, as their mechanical properties are generally recognised to be higher than other heat treatable alloys. The set of heat treatable alloys (2xxx, 6xxx in this study) was also classified based on the temper condition.
The overall categorisation system is shown in Table 1 (first column) and Table 2 . Each category is labelled by an alphanumeric code, which has 2 to 4 characters. The first letter of the code denotes the type of alloy:
• A  for 5xxx series (≈ 100 data);
• B  for 2xxx and 6xxx series, in T3 or T4 temper condition (~ 200 data);
• C  for 2xxx and 6xxx series, in T5 or T6 temper condition (> 250 data);
• D  for 7xxx series (≈ 20 data);
In second position, a number identifies the value of the stress ratio R:
• 0  for R= 0, 0.1 (values present in all categories, ~ 300 data);
• 1  for R=-1 (only in categories A and C);
• 5  for R=0.5 (only in categories B and C);
When necessary, one or two letters are added to specify the post-weld treatment:
• M  for machined joints (this treatment is present in all categories);
• P  for heat treated joints (only for category B);
An additional letter H could also be appended to the code to identify data for tubular joints,
i.e. 38 mm diameter tube-on-tube circumferential welds 46 , which form two additional categories (C0H, C1H).
To summarise, welded joints in 5xxx alloys subjected to fully-reversed (R=-1) fatigue loading, for example, fall into category A1, while A0 refers to 5xxx series joints tested at R=0. Compared to A1, the category A1M includes only data from specimens where the welds were subjected to post-weld mechanical treatment (e.g. polished or machined) and tested at R=-1. As further amplification, consider the data taken from [38] , of which around half fall in category A1 (welds not treated) and the other half (welds polished) lie in category A1M.
Similarly, category C0 contains data from welds in both 2xxx and 6xxx series alloys, tested at R=0, while the C1 category relates to specimens tested at R=-1 for welds only in the 6xxx series alloys. Note that, in general, each category gathers data from multiple sources, although some exceptions to this statement do exist (e.g. A1, B0MP, D0, D0M, C0H and C1H).
The category and classification coding are summarised in 
Statistical analysis of fatigue data
The nominal stress range, Δσ, and the number of cycles to failure, N, were the quantities recorded for each data point in all the bibliographic sources available. Only data with values of cyclic life N between 10 3 and 2 x 10 6 were included. Table 1 indicates the number n of data points collected from each source manuscript, as well as the total number of points contained in each category. These fatigue data were used to obtain a predicted stress-life (S-N) curve using the Basquin equation ∆σ = ∆σ , where k is the inverse slope and ∆ the reference fatigue strength at = 2 × 10 6 cycles. The mean S-N curve, representing a 50% probability of failure, is given on log-log axes, using a linear regression model = + + , where = ∆σ , = is the transformed stress range and N is the number of cycles to failure. For a standard normal distribution of life, the symbol denotes a zero mean normally distributed random variable, which accounts for the scatter in experimental data. A log-normal regression model is used in this work as the S-N data is assumed to be homoscedastic, i.e. it describes a situation in which the error term (that is, the "noise" or random disturbance in the relationship between the independent variables and the dependent variable) is the same across all values of the independent variable of stress.
A least-squares fitting of the data provides the estimators of regression parameters ̂ , ̂ and 2 (which is an estimate of the variance in ), see Appendix A. In the x-y diagram, the mean S-N line for a Ps=50% survival probability is 50% =̂+̂, where 50% = 50% relates to the fatigue life 50% at stress range = ∆σ. By inverting Eq. (A.1), one obtains the estimates both of the inverse slope k and of the reference fatigue strength ∆ ,50% for Ps=50% survival probability (symbol ̂ is now omitted):
The mean S-N line in the ∆ − diagram is given by ∆σ = ∆σ ,50% , see Figure 1 . A survival probability Ps=50% implies that half of all new or future observations would lie below the mean S-N line (unsafe prediction). For fatigue design purposes, a much higher probability of survival represents the recommended fatigue design curve 14 , typically
Ps=97.7%, i.e. mean minus two standard deviations. This increased survival probability is equivalent to a lower allowable fatigue strength ∆σ A,97.7% , which corresponds to the (1-Ps)
percentile of the normal distribution of the fatigue life (see Figure 1) . A survival probability of 97.7% implies that 2.3 specimens (from 100 tested at a constant stress range ∆σ) might fail at a number of cycles lower than the value N predicted by ∆σ = ∆σ ,97.7% .
When estimating the allowable fatigue strength, it is also necessary to evaluate the uncertainty in the statistical estimators. The relatively limited experimental dataset used in the regression analysis means that the estimators given in equation (1) and thus the mean S-N curve are also subject to a statistical uncertainty. Hence the fatigue strength ∆σ ,97.7% derived from the mean S-N curve is affected by statistical uncertainty. A confidence level for the estimated fatigue parameters therefore has also to be quantified 14 . These two considerations require the characteristic (or design) S-N curve 1 to be defined for a high survival probability Ps with confidence , that is determined according to the expression given in equation (2): 14,56
where q is a statistical parameter that establishes the deviation below the mean. In equation (2), ( ; ) = ( ; ) relates to the number of cycles to failure ( ; ) at stress range = ∆σ (for a survival probability Ps and confidence ), whereas 50% = 50% is the mean fatigue life from the regression line, see Figure 1 . In the most general case, the value of q depends on probability Ps and confidence , on the stress = ∆σ at which life ( ; ) is calculated, on the number n of specimens tested to failure, as well as the experimental setting defined by the specific values (∆σ , ), i = 1,…, n used in experiments 56 .
Parameter q can be determined using the tolerance interval approach 14, 55 . When q is not constant over the stress range, the design S-N curve is an hyperbola, rather than a straight line, and it has variable distance from the mean regression S-N line (the closest distance being at the mean log-stress value ̅ , see Eq. (A.3)). Since hyperbolic S-N curves could be laborious to estimate and use in practical applications, a straight line approximation (assuming q = const.) is often preferred, although this involves some loss of confidence level 56 . The statistical analysis in this paper will adopt the model proposed in [15] that is given in equation (3): 1 The term "design S-N curve" is often used to designate a characteristic S-N curve that is factored by a partial safety factor 14 .
where Φ ( ) −1 is the Ps-percentile from the inverse standard normal cumulative distribution, In Eq. (3), n is the sample size (number of specimens tested) and √2 is a correction factor for small values of n, which takes into account the error introduced in the estimation of the variance s 2 .
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By combining equations (2) and (3), the number of cycles to failure (97.7%;95%) at stress range = ∆σ, for a survival probability Ps = 97.7% and confidence  = 95%, is determined as indicated in equation (4):
where 50% is the number of cycles (at stress range = ∆σ) from the regression line and corresponding to a survival probability of 50%. A confidence of 95% means that, out of 100 predictions given by equation (4), five could be false, i.e. the fatigue life in a new future observation would lie above the estimated value 97.7%;95% given by equation (4) at the prescribed probability of 97.7%.
Note that in equation (4) • , accounts for the confidence to correct the estimated percentile 97.7% .
As the sample size n increases (i.e. as n→∞), the last term in Eq. (4) Although approximate, the statistical model given in equation (4) provides results that are in very close agreement with the tolerance factor approach for a univariate distribution 56 . This can be confirmed by comparing q in Eq. (3) to the tolerance factor k for a univariate distribution 2 , given in Table 1 of [59] for a survival probability Ps = 97.7% and confidence level  = 90%. For sample sizes n ≥ 5, the largest difference occurs for n = 7, where q = 1.274
and k = 3.389, with a deviation of 3.5% (the approach given in equation (4) being slightly non-conservative). A smaller deviation occurs for other values of n. Whilst a deviation larger than 6% is observed with a very small sample size (n=3, 4), these low values are of no interest in this paper.
Equation (4) gives the lower bound S-N curve for a survival probability Ps = 97.7% (and 95% confidence), which represents the statistical (mean minus two standard deviations) fatigue design curves usually used in safe-life (S-N) design procedures. The upper bound S-N curve for Ps=2.3% (i.e. mean plus two standard deviations) is symmetrical about the mean line and hence the fatigue life 2.3% can simply be obtained by replacing the "+" sign with a "" sign in equation (4) .
The statistical approach that has been summarised above assumes that scatter and confidence level are constant over all stress ranges, which then gives a constant inverse slope k regardless of the assumed probability of failure Ps. Extrapolation of the S-N line at NA cycles identifies the design fatigue strength ∆ , . The mean minus two standard deviations design S-N curve given in equation (2) This new intercept ̂d allows the fatigue strength ∆ ,97.7% at NA cycles (for a survival probability 97.7% with a confidence level of 95%) to be computed in a similar fashion to equation (1) , by replacing ̂ with ̂d. The fatigue strength ∆ ,2.3% , equivalent to a failure probability of 2.3%, is obtained by using the intercept (̂+ • ). Using the value ∆ ,50% in equation (1) 
In the present paper the statistical scatter in the data will be defined by the band of fatigue strength values falling inside the boundaries of the mean ± two standard deviations lines, and is therefore measured by the parameter = ∆ ,2.3% ∆ ,97.7% ⁄ , which on the basis of equation (5) can also be written as = (10 +2 ) 1 . Therefore, T depends on both the sample size n (through factor q) and the standard deviation s (which quantifies the scatter in the experimental data).
Discussion of results
The estimated values of both the inverse slope k and the stress ranges ΔσA50% , ΔσA,97.7%, corresponding to a fatigue life of NA = 2  10 6 cycles (for survival probabilities of 50% and 97.7%, with a confidence level of 95%) are listed in the last three columns of Table 1, for each individual set of data. The estimated values for each category of aluminium alloys are summarised in Table 3 . The stress range ΔσA,97.7% (in MPa) at NA = 2  10 6 is commonly used in design codes (e.g. Eurocodes, IIW) to characterise the fatigue strength of a class of welded detail in safe-life design.
In Figure 2 to 8, the experimental fatigue data for each individual category of alloys are compared with both the mean regression line and the characteristic S-N curves corresponding to probabilities of 2.3% and 97.7% (with a confidence level of 95%), which define the scatter band falling within ± two standard deviations. In all cases examined (except categories C0 in Figure 3 (a) and B0M in Figure 4 (a)), the data lie within the scatter band.
The statistical dispersion in the experimental data is measured by T values, which are given in the last column of Table 3 A careful analysis of classification system suggested by [15] and also adopted in this study.
The results summarised in the various figures and tables also support the main conclusions suggested by [15] regarding the effect of some influential parameters (e.g. parent alloy, temper condition, post-weld treatment and stress ratio) on the fatigue behaviour.
Effect of parent material and temper condition
The categorisation system used in this study has classified friction stir welds based on type and mechanical properties of parent alloy. Alloys in the 5xxx series (non-heat treatable) have a separate category, as do the high-strength 7xxx series alloys. For 2xxx and 6xxx series alloys that are heat treatable, the effect of parent alloy is subordinate to the effect of temper condition, thus requiring a distinction to be made between naturally and artificial aged joints.
Considering the fatigue strength data given in Table 3 , it is clear that for a stress ratio R = 0 (the x0 category) the 7xxx series alloys (category D0) show the highest values of fatigue strength. In fact, the fatigue strength of the D0M category is the highest in the table. In the case of the joints tested at R = -1, the data indicate that 5xxx and 6xxx series alloys have very similar fatigue strengths that are approximately 15% higher than those seen for the 7xxx series alloys tested at R = 0 (categories A1 and C1 compared with category D0). In category CH1, however, the positive effect of a compressive stress (R = -1) is more than offset by the high curvature giving a relatively low value of fatigue strength.
It is also seen from 
Effect of post-weld treatment
Since FS welding is a solid-state process, with no liquid/solid phase transformation such as occurs in fusion welding, it usually leads to high quality welds with few internal defects or flaws, provided that tool geometry and process parameters are chosen correctly. Defect-free welds generally still show a fatigue strength below that of parent plate, which then suggests that fatigue behaviour is mainly controlled by crack nucleation at weld surface irregularities, arising particularly at the tool shoulder region where flash may exist 57 . Removing surface profile irregularities results in increased fatigue strength. This has been documented in [1, 15, 57] and also confirmed in the present work.
The effect of post-weld machining on the fatigue behaviour can be evaluated by comparing the stress range ΔσA,97.7% in Table 3 for categories A1/A1M (series 5xxx), B0/B0M/B0MP
(series 2xxx and 6xxx alloys, naturally aged), C0/C0M (series 2xxx and 6xxx alloys, artificially aged) and D0/D0M (series 7xxx alloys), and can be seen to be rather low for the 2xxx and 6xxx series alloys. For instance, the fatigue strength of category B0M is within 4%
of that of category B0, while categories C0 and C0M have fatigue strengths that lie within 1% of each other. For the 7xxx series alloys, however, (categories D0 and D0M) post weld machining confers a 32% increase in fatigue strength. In contrast, for the 5xxx series alloys tested at R = -1 (categories A1 and A1M), post-weld machining leads to a 29% decrease in fatigue strength.
This apparent contradiction can be explained by considering the scatter of experimental data.
As shown in equation (5), the characteristic stress corresponding to a 97.7% probability of survival, ΔσA,97.7%, depends on both the average stress A,50% and the scatter band in the S-N data, measured by the standard deviation s through the T parameter. Some of the large scatter in certain categories may also arise from heterogeneity of the surface conditions in machined welds (including the residual stress level resulting from manufacturing processes). Very few fatigue studies fully characterise the surface condition, despite the fact that fatigue cracks almost invariably start at the surface. As an example of the possible influence of this surface condition effect, it can be noted that data in category A1 for 5xxx series alloys are taken mainly from [38] , while those in the A1M category also include data from other sources. However, the work of [38] confirms that there is a significant increase in fatigue strength by surface finishing. The same comments apply to data in categories B0 and B0M taken from references.
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Effect of stress ratio
There is a strong influence of mean stress in fatigue and hence of stress ratio on the fatigue strength. This was emphasised in the work by [15] . For example, welded joints in 5xxx series alloys showed an increase in fatigue strength of 68% when tested under fully reversed loading at R = -1, compared with R = 0.1. The data presented in Table 3 confirm this trend. For 5xxx series alloy (category Axx), for example, the fatigue strength increases by approximately 44% from 88.6 MPa (category A0) to 127.4 MPa (category A1). Closer inspection of the data in categories A0 and A1 (see Table 1 ) indicates that testing at R = -1 always gives a higher fatigue strength than testing at R = 0, with the lowest fatigue strength in the A1 category still being higher than the highest value in category A0. The strong effect of stress ratio arises from the reversed plasticity that occurs during fully reversed loading and that creates a partially compressive residual stress field at the crack tip.
It is worth noting that the fusion weld fatigue design codes usually ignore the influence of stress ratio using the rationale that the residual stress at welds is of yield strength magnitude and hence, irrespective of the applied stress ratio, the actual crack tip stress cycles down from yield strength and this is therefore equivalent to a high mean stress value in the fatigue cycling. In the case of solid state friction stir welds where the transverse tensile residual stresses are much lower, it makes sense to incorporate stress ratio as an influencing factor in the design curves.
Effect of high-curvature
Category "xxH" collects data for semi-automatic FS welds made between 38 mm outer diameter 6082-T6 seamless tubes. The development of the welding process is detailed in [45] .
To avoid a large hole defect in the joint, the process utilises a retracting pin tool that assures high quality defect-free joints. The fatigue data are taken from [46, 47, 48, 49] . No similar data are available in the literature; other work dealing with FS welds between tubes either used much larger diameters 52 , or they focused on technological aspects of welding 53, 54 .
The data from tests at R = -1 (categories C1 and C1H) show that the reference stress range ΔσA,97.7% is almost halved for tubes compared with flat plate specimens, from 123.3 MPa (C1) to 56.3 MPa (C1H). This marked decrease in strength is primarily attributed to the notch effect caused by the slight undercut at the edge of the weld zone arising from the tool shoulder 50, 51 . An average notch root radius of about 0.5 mm was measured by [50] , on both the advancing and the retreating side of the weld, which led to a local stress concentration factor of 2.4 in axial loading and 1.7 in torsion. Counterbalancing this result is the observation that the fatigue strength of such tube-on-tube welds remains comparable to that of their fusion weld counterparts.
Comparison with Eurocode 9
Eurocode 9 (EC9) provides design Δσ-N curves for a variety of plain members, welded attachments, and members with longitudinal or transverse welds. The curves are identified by a constant amplitude stress range ΔσC at NA = 2  10 6 cycles (the reference fatigue strength) and the inverse slope m1. For constant amplitude fatigue loading, a fatigue limit ΔσD is taken at 5  10 6 cycles, below which constant amplitude stress cycles are assumed to be nondamaging. Each S-N design curve represents the mean line minus 2 standard deviations, which gives a survival probability of 97.7%. The detail category depends on several factors that include constructional detail, initiation site, weld type (e.g. full penetration but weld ground flush), and the type of welding (e.g. continuous automatic welding).
The fatigue curves in EC9 are applicable only to aluminium joints made using arc welding (metal inert gas and tungsten inert gas) and therefore cannot, at present, be applied to friction stir welds. It is also the case that no other standard currently exists for fatigue design of Table 3 would be rather cluttered. It is therefore preferable to present only some representative results in separate figures, as follows:
• Figure 9 (d) -the proposed design S-N curves for FS welds in 7xxx series alloys for both as-welded and surface machined conditions (Dxx) compared with the EC9 curves for the 7xxx base metal class
• Figure 10 (a) -the proposed design S-N curves for 5xxx series alloys (Axx), and for 2xxx
and 6xxx series alloys in the naturally (Bxx) and artificially (Cxx) aged conditions, compared with the EC9 curves for base metal (other than 7xxx series) and for butt joints in as-welded and machined conditions.
• Figure 10 (b) -the proposed design S-N curves for 2xxx and 6xxx series alloys in the artificially aged condition (Cxx), compared with the EC9 curves for the previous case.
• Figure 10 (c) -the proposed design curves for high curvature tube-on-tube joints (CxxH) compared with the EC9 curves for tubular joints.
As mentioned earlier, the S-N curves reported in EC9 refer to fatigue data obtained at relatively high mean stress (stress ratio R ≥ 0.5). 60 Hence, for the case of friction stir welds, almost all the curves for R = 0 and 0.1 (categories xx0) are collected together in Figure 10 show results only for 7475-T76 alloy, from one reference only 24 , and further data would be required to validate this preliminary conclusion.
In Figure 10(a) , over the range of fatigue lives in the figure, the proposed design curves for FS welds in the 5xxx, 2xxx and 6xxx natural aged alloys (Categories A0 and B0) all lie just above the parent plate Category 90-7 curve from EC9, while the proposed design curve for category A1 is even higher. Therefore, compared to fusion butt joints, FS welds generally show a superior fatigue performance.
In the case of the artificially aged condition, Category C0, the 2xxx and 6xxx FS welds have a steeper slope to their proposed fatigue design curve, giving a fatigue strength at 2 x 10 6 cycles lower than the Category 90-7 parent plate curve from EC9 and more comparable to fusion butt joints. Figure 10(b) illustrates the marked influence of stress ratio on both fatigue strength and on slope of the proposed fatigue design curves for FS welds. Finally, Figure   10 (c) shows that at 2  10 6 cycles the proposed fatigue design curve for high curvature FS joints tested at R = -1 is significantly higher than the Category 32-3,4 curve from EC 9.
Again, the strong influence of stress ratio can be seen as the joints tested at R = 0.1 have a lower fatigue strength than the Category 32-3,4 curve.
Conclusions
This paper has provided an overview of the fatigue performance for FS joints in aluminium alloys through a statistical analysis of a large set of data drawn from the literature and from work done by the authors. The starting point for the work was the database analysed in by categories, based on the classification criteria suggested by [15] . This allows the fatigue strength to be explicitly correlated to several influential factors (type of alloy, temper condition, surface condition, stress ratio). Aluminium alloys in the 5xxx and 7xxx series were assigned to separate categories, while 2xxx and 6xxx series were grouped together by either natural or artificial aging. The different R ratios used in fatigue testing were also explicitly considered by separate categories.
The reference S-N fatigue design curves for survival probabilities of 50% and 97.7% (at the lower 95% confidence limit) were then estimated for each individual data source, as well as for each category. The additional fatigue data were shown to fit the S-N curves already presented in [15] . The reference S-N curves were systematically compared in order to detect correlations between fatigue properties and some of the influential factors mentioned above.
The resulting curves from the statistical analysis of the available data were finally compared to those given in Eurocode 9 fatigue design codes for fusion welded aluminium alloys. The data confirmed a number of conclusions reached by [15] , namely:
1.
Temper condition in 2xxx and 6xxx alloys has a marked influence on the fatigue strength, with FS welds in the natural aged condition showing a better fatigue strength than artificially aged alloys.
2.
Post-weld machining of the surface confers an increase in fatigue strength. This has been observed, in particular, by comparing the fatigue strength of data taken from the individual sources.
3.
In 7xxx series alloys friction stir welds in the as-welded condition have a fatigue performance close to that of the parent plate.
4.
There is a marked influence of stress ratio on both fatigue strength and on slope of the proposed fatigue design curves for FS welds.
5.
There is some variation in scatter of the experimental data. As shown in equation (5), the characteristic stress corresponding to a 97.7% probability of survival, ΔσA,97.7%, depends on both the average stress A,50% and the scatter band in the S-N data, 
6.
Fatigue data from FS welds joining small diameter tubes (38 mm) shows a decrease of fatigue strength compared to joints in flat plate. This was attributed to the notch effect caused by the slight undercut at the edge of the thermos-mechanically affected weld zone, i.e. at the tool shoulder 46 . However, such joints still have a strength almost comparable to that of their fusion welded counterparts.
7.
The comparison with the S-N fatigue design curves given in Eurocode 9 shows that the fatigue strength of FS welded joints approaches that of the parent plate alloy.
8.
The overall conclusion from this review and statistical analysis of fatigue data for FS welds is that FSW joints have fatigue strength values generally significantly higher than the values recommended by current fusion weld standards, e.g. Eurocode 9 or IIW.
Appendix A -Estimators of regression parameters
In the regression analysis, a log-transformation is applied to the S-N equation ∆σ = ∆σ
to obtain the linear model = + + , where:
= log (∆σ ) = − (A.1) and = 10 ∆σ, = 10 are, respectively, the (transformed) stress range and number of cycles to failure. The normally-distributed random variable ε is added to the regression model to account for the scatter in experimental data.
Assume now that a set of n data (∆σ , ), i=1,…,n is available from experimental tests.
Apply a log-transformation = 10 ∆σ , = 10 to translate the data into the pairs
The maximum likelihood (least-squares) estimators of the regression parameters a, b are 58 : Comparison of the fatigue design S-N curves for fusion welds (extracted from EC9) and for friction stir welds (with survival probability Ps=97.7% and lower confidence 95%) for series 5xxx, and 2xxx and 6xxx series alloys in the natural or artificial aged conditions, and for tube-on-tube high curvature joints. 
Figure 11:
Mean S-N curve from the regression analysis and the design S-N curve at the prescribed probability Ps of survival (97.7%) and confidence γ (95%) Figure 12 :
Fatigue curves for FS welds: (a) 5xxx series (category A0); (b) 2xxx and 6xxx series alloys naturally aged (category B0). Fatigue curves for FS welds: (a) 2xxx and 6xxx series alloys artificially aged (category C0); (b) 7xxx series (category D0). Fatigue curves for FS welds: categories: (a) 2xxx and 6xxx series alloys naturally aged, machined weld (category C0); (b) 7xxx series, machined weld (category D0M). Fatigue curves for FS welds in 5xxx series alloys, tested at R=-1: (a) as welded (category A1); (b) machined (category A1M). Fatigue curves for FS welds in 2xxx and 6xxx series alloys, artificially aged: (a) tested at R=-1 (category C1); (b) tested at R = 0.5 (category C5). Fatigue curves for high curvature FS welds in 6xxx series, artificially aged: (a) tested at R = 0.1 (category C0H); (b) tested at R = -1 (category C1H). Comparison of fatigue curves (survival probability Ps=97.7%, confidence 95%) for each category A, B, C and D (for category D, the EC9 S-N design curves are also shown). Comparison of the fatigue design S-N curves for fusion welds (extracted from EC9) and for friction stir welds (with survival probability Ps=97.7% and lower confidence 95%) for series 5xxx, and 2xxx and 6xxx series alloys in the natural or artificial aged conditions, and for tube-ontube high curvature joints. 
